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ABSTRACT
CRISPR/CAS9 WHOLE GENOME SCREENS REVEAL NOVEL REGULATORS OF ENDOCYTIC
PROCESSES IN MACROPHAGES
JARED WOLLMAN
2020
Macrophages maintain tissue homeostasis by identifying and eliminating threats
within their tissue microenvironment. Pattern recognition receptors allow macrophages
to recognize and internalize specific ligands while macropinocytosis allows the
internalization of all extracellular solutes from their environment. Without pattern
recognition receptors, pathogens may grow unchecked if they cannot be detected, and
without macropinocytosis, macrophages struggle to detect and move around their
environment. This thesis presents the results of CRISPR/Cas9 whole-genome screens
used to identify the regulators of both endocytosis (Chapter 2) and macropinocytosis
(Chapter 3). In Chapter 2, we report genes regulating dextran uptake in primary murine
macrophages and reveal Mrc1-mediated endocytosis, instead of macropinocytosis, as
the primary internalization mechanism mediating dextran uptake. In Chapter 3, to
specifically target macropinocytosis, we present the results of CRISPR/Cas9 whole
genome screens to identify genes regulating lucifer yellow uptake in primary
macrophages. We observed that regulation of both the endo-lysosomal system and
mTor signaling complex as essential for regulating macropinocytosis. This thesis
establishes a framework for understanding how primary macrophages regulate both
endocytic and macropinocytic processes. We can use this information to identify
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therapies and treatments to stimulate or inhibit Mrc1-medaited endocytic processes or
macropinocytosis. Macrophages may be selectively targeted with therapeutics
dependent on either Mrc1 or macropinocytosis for delivery. Our research may provide
new insights for how we can improve therapies delivered to cells using Mrc1 or
macropinocytosis.
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Chapter 1
Introduction to Endocytosis and Macropinocytosis
Abstract
Together, macropinocytosis and endocytosis facilitate macrophage surveillance
of their environment so they can effectively carry out their effector functions.
Receptor-mediated endocytosis selectively binds molecules at the surface and signals
for receptor internalization. Each receptor quickly recruits adaptor proteins followed by
a clathrin coat to stimulate membrane bending and vesicle budding. Newly formed
vesicles then deliver each receptor either to the lysosome for degradation or they may
be recycled and returned to the surface. Simultaneously, macropinocytosis nonselectively internalizes molecules surrounding the cell through the formation of large
actin-based membrane protrusions that engulf large volumes of extracellular solutes.
Actin polymerization directed by phosphoinositide signaling directs macropinosome
formation. Nascent macropinosomes are trafficked into the cell where they interact
with the endo-lysosomal system to deliver nutrients and cargo to the lysosome for
degradation. In this chapter, I will introduce the basic mechanisms that regulate clathrin
and macropinosome-mediated solute internalization and vesicle maturation to provide
context for the driving biological questions spurring this research.
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Introduction
Macrophages are essential sentinel cells that maintain and regulate tissue
homeostasis (Oishi and Manabe, 2018). Macrophages maintain constant surveillance
over their environment using a variety of receptors to selectively identify molecules, and
macropinocytosis to non-selectively internalize bulk fluids and solutes surrounding the
cell. Pattern recognition receptors detect molecular patterns in the environment and
stimulate signaling pathways to promote specific macrophage effector functions
including anti or pro-inflammatory signaling events. Macropinocytosis simultaneously
internalizes debris, nutrients, and pathogens avoiding detection by pattern recognition
receptors. Together, macropinocytosis and endocytosis detect extracellular molecules
to help direct the immune response to maintain tissue homeostasis. Macrophages with
inhibited macropinocytic abilities have decreased mobility and are unable to detect
tissue damage or regulate the immune response (Neupane et al., 2020; Freeman et al.,
2019).
Receptor internalization by endocytosis is required for receptor signaling and
stimulation. Toll-like receptor 4 (TLR4), a pattern recognition receptor that detects
bacterial lipopolysaccharides (LPS), weakly activates NFK-B inflammatory signaling from
the membrane, but receptor-mediated endocytosis is required for cytokine production
and secretion (Kagan et al., 2008; Marongiu et al., 2019). Growth factor receptors also
require endocytosis to stimulate normal cell growth. Epidermal growth factor (EGF)
stimulated Akt phosphorylation in epithelial cells requires clathrin pit formation to
recruit signaling proteins (Garay et al., 2015), and CSF1R, an EGFR family member,
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requires macropinocytosis to terminate signaling from receptors internalized using
clathrin-mediated endocytosis (Lou et al., 2014). Integrin proteins, adhesion proteins,
have been shown to require internalization and macropinosome trafficking to promote
macrophage chemotaxis towards tissue damage (Freeman et al., 2019). Together, we
notice that a variety of receptors require both traditional endocytosis and
macropinocytosis to work together to regulate receptor signaling pathways to control
macrophage functions. Growth factors and toll-like receptors help direct macrophage
effector functions while Integrins control macrophage mobility towards pathogens or
growth factors.
In this thesis, I will describe a series of CRISPR/Cas9 whole-genome screens that
uncover some of the regulatory mechanisms for both endocytosis and
macropinocytosis. In Chapter 2, I begin by describing our first attempts to identify the
regulatory mechanisms of macropinocytosis. We used the common endocytic tracer
dextran as a marker for macropinosomes and identified regulatory proteins based on
their ability to internalize more or less dextran. Our screens revealed genes responsible
for specifically regulating Mrc1-mediated endocytosis or regulating macrophage
endocytic capacities. In Chapter 3, we used the small molecule lucifer yellow, which has
no known selective internalization mechanism, to specifically target macropinocytosis
and identify regulatory proteins based on their ability to internalize lucifer yellow.
These screens revealed downstream mTor related signaling pathways as an important
feedback mechanism directing macropinosome formation and trafficking. Cytokines
and pathogenic molecules often affect the endocytic capacity of macrophages, and our
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screen results help reveal genes that regulate endocytic flux in primary murine
macrophages (Montaner et al., 1999; Lucero et al., 2020). Together, our screens have
identified a variety of genes and processes that help regulate endocytic flux in primary
murine macrophages by regulating both receptor-mediated endocytosis or
macropinosome formation. In this chapter, I will introduce the basic mechanisms of
growth factor receptor-stimulated clathrin and macropinosome formation as well as
trafficking to introduce the readers to the mechanisms regulating endocytic flux.

Clathrin Mediated Endocytosis
Summary
Clathrin-mediated endocytosis is a selective internalization pathway used by all cells to
internalize receptors and their cargo from the plasma membrane (Figure 1). Receptors
signaling from the plasma membrane direct the formation of clathrin lattices to induce
membrane curvature and internalization into small vesicles. The molecules internalized
with these vesicles can be sorted and recycled back to the surface while the rest is
transported to late endosomes. In late endosomes, proteases and other proteins
delivered from the Golgi apparatus help transform late endosomes into lysosomes and
terminate receptor signaling through their degradation.
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Receptor binding and
internalization

Recycling
Endosome
Maturation

Cargo sorting
and Recycling

Lysosomal Degredation
Cargo delivery to
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Figure 1. Model of clathrin-mediated endocytosis. Vesicles internalized from the
surface of the cell are directed into small endosomes beneath the surface of the
cell. The cargo within these vesicles may then be recycled back to the surface or
trafficked to late endosomes and prepared for degradation in the lysosome.
Receptor activation stimulates endocytosis
Growth factor receptors stimulate endocytosis by recruiting adaptor proteins that
promote both internalization and intracellular signaling pathways. All mammalian cells
require growth factor stimulation to stimulate growth and promote cell survival. As
cells become more differentiated and specialized, they require highly specific and
constant signals to maintain growth and survival. As terminally differentiated cells,
macrophages require colony stimulated factor 1 (CSF1) stimulated colony-stimulating
factor receptor 1 (CSF1R) signaling to survive. CSF1 binds CSF1R to induce
conformational changes that activate intracellular domains to promote macrophage
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growth and survival (Yu et al., 2012). CSF1 binding stimulates CSF1R dimer formation to
promote transphosphorylation of tyrosines on both receptors’ intracellular domains to
recruit signaling proteins and adaptors (Li and Stanley, 1991). GRB2 is recruited to
CSF1R’s phosphorylated tyrosine domains and recruits C-CBL, a ubiquitin ligase. C-CBL
then adds ubiquitin molecules to mark CSF1R for internalization by recruiting more
adaptor proteins to promote internalization (Lee et al., 1999; Thien and Langdon, 2005;
Husson et al., 1997; Kanagasundaram et al., 1996).
Growth factor receptors stimulate endocytosis with phosphorylated tyrosines on
their intracellular signaling domains, but not all receptors use phosphorylated
intracellular signaling domains to stimulate endocytosis. Scavenger receptors are
pattern recognition receptors that constantly detect and remove extracellular materials
including proteins, sugars, and lipids from the extracellular space (Canton et al., 2013).
Transferrin, LDL, and mannose-6-phosphate receptors remove iron, low-density
lipoproteins, and secreted lysosomes, respectively, from the extracellular space. All
three receptors undergo rapid, constitutive endocytosis stimulated by aromatic amino
acid signaling domains within their cytoplasmic tails to recruit adaptor proteins required
for internalization (McGraw and Maxfield, 1990; Lobel et al., 1989; Ozinsky et al., 1996).

Clathrin coated vesicle formation
Proteins recruited to receptors promote internalization by stimulated
phosphoinositol signaling and clathrin lattice recruitment. The first proteins required
for internalization are recruited to promote phosphoinositol (4,5) bisphosphate (PIP2)
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recruitment and production in the immediate vicinity of the receptor to initiate clathrin
lattice formation. Phosphoinositides are phospholipid signaling molecules used to
regulate dynamic signaling processes (Wu et al., 2014; Czech, 2000). Each
phosphoinositol species can be phosphorylated 1-3 times and recruits different proteins
based on its phosphorylation status. PIP2 is a critical phospholipid signaling molecule for
endocytosis, and increased global PIP2 levels generated by phosphatidylinositol kinases
increase endocytic activity while acute disruption in PIP2 levels with phosphatases or
alcohols inhibit endocytic activity (Padrón et al., 2003; Tóth et al., 2012; Boucrot et al.,
2006). Despite its importance, the source of PIP2 for endocytosis has not been identified
and it’s unclear if globally or locally derived PIP2 stimulates endocytosis (Antonescu et
al., 2011). Receptor tyrosine kinases like CSF1R or EGFR have conserved
juxtamembrane regions that bind anionic lipids such as PIP2, which could help increase
local PIP2 concentrations (Halim et al., 2015; Hedger et al., 2015). PIP2 then recruits
Fer/Cip4 homology domain-only proteins 1 and 2 (FCHO1/2) to the membrane where its
F-bar domain binds and restricts the lateral motion of PIP2 to further increase PIP2
concentrations while simultaneously bending the membrane (Henne et al., 2010; Ma et
al., 2015; Zhao et al., 2013).
PIP2 and receptor signaling complexes recruit adaptor proteins to stimulate
clathrin lattice assembly to promote receptor internalization. FCHO1/2 recruited to PIP2
concentrated at the membrane and ubiquitinated receptors recruit Epsin proteins to
signal for internalization. FCHO1/2 and Epsin together recruit adaptor protein 2 (AP2)
and stabilize AP2 assembly (Sen et al., 2012). The protein/lipid complex stabilizes
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Clathrin and stimulates clathrin nucleation to promote clathrin lattice assembly required
to induce membrane curvature and vesicle budding (Kadlecova et al., 2017; Kelly et al.,
2014; Kovtun et al., 2020). Clathrin-mediated membrane bending provides enough
force to bend and overcome local membrane tensions resisting curvature (Scott et al.,
2018). High membrane tensions cause abortive endocytosis, but membrane tension
may be overcome by clathrin and Arp2/3-mediated actin polymerization (Akamatsu et
al., 2020; Boulant et al., 2011; Walani et al., 2015). The Arp2/3 complex polymerizes
actin filaments to push and mold the membrane into a budding vesicle. Dynamin
GTPases then pinch off the budding vesicle to complete vesicle internalization (Pucadyil
and Schmid, 2008; Colom et al., 2017).

Endosome Maturation
Internalized vesicles are regulated and trafficked by Rab GTPases. Rab proteins
are recruited to endocytic vesicles by their post-translational lipid modifications, but
their activity is regulated depending on their GTP-bound state. Rab activity is first
regulated by its location as GDP dissociation inhibitors (GDIs) bind lipid-modified GDPbound Rab proteins and extract or prevent membrane localization to regulate Rab
transitions (Müller and Goody, 2018). Additionally, Rab proteins cycle between active
GTP and inactive GDP bound states stimulated by guanine exchange factors (GEFs) and
GTPase activating proteins (GAPs), respectively, and recruit waves of proteins to
facilitate each maturation step (Pylypenko and Goud, 2012; Zhen and Stenmark, 2015).
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Rab GTPases regulate early clathrin vesicle uncoating and phosphoinositol
production to stimulate early endosome maturation. Newly formed vesicles acquire
both Rab5 and Rab35, whose activity quickly recruits phosphatases to dephosphorylate
PI(4,5)P2 to PI(4)P and PI3K kinases to generate PI(3)P from PIP. PIP2 depletion, PI(3)P
accumulation, and accessory proteins destabilize the clathrin coat and facilitate clathrin
uncoating (Massol et al., 2006; Xing et al., 2010; Semerdjieva et al., 2008; Gaidarov et
al., 2001). PI(3)P production further promotes vesicle maturation by inducing Rab5 GDI
activity to remove Rab5 and recruit Rab7 to facilitate early to late endosome transitions
(Law et al., 2017; Jaber et al., 2016; Rink et al., 2005).
Internalized vesicles are tethered to the cytoskeleton and trafficked towards the
center of the cell for maturation and vesicle consolidation. As vesicles are internalized
and acquire Rab5, Rab5 is tethered to kinesin motor proteins that move along
microtubule networks and direct vesicles into the cell (Nielsen et al., 1999). As vesicles
are transported into the cell, the CORVET snare complex binds Rab5 on the surface of
vesicles and promotes vesicle fusion to consolidate their contents while the HOPS
complex binds and fuses vesicles with Rab7 (Balderhaar and Ungermann, 2013).

Recycling
Recycling pathways recycle internalized receptors and membranes back to the
plasma membrane. Following vesicle internalization, some receptors are marked for
degradation in the lysosome, but others are returned to the surface of the cell for reuse.
Proteins required for receptor recycling are recruited to endosomes as Rab5 is
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deactivated on endosomes (Mani et al., 2016). Rab11 and its effector proteins are
recruited to stimulate recycling by inducing vesicle tubulation and sorting receptors into
these tubular extensions for removal and transport to the Golgi apparatus (Wilcke et al.,
2000; Lindsay and McCaffrey, 2002). Recycled proteins trafficked to the Golgi apparatus
are further sorted and glycosylated before they are transported back to the plasma
membrane (Zhang and Wang, 2016). After processing in the Golgi apparatus, Rab11
positive vesicles transport proteins back to the surface where the Exocyst complex
tethers each vesicle to the plasma membrane so SNARE proteins can fuse each vesicle
with the plasma membrane (Takahashi et al., 2012).

pH and vesicle maturation
Vesicular pH changes during endocytic trafficking help promote endosome
maturation and cargo processing. Newly formed vesicles have a neutral pH consistent
with their extracellular environment, but lysosomes have an acidic pH less than 5. The
vacuolar ATPase (vATPase) complex acidifies endosomes immediately following clathrin
uncoating by pumping protons into vesicles. (Yamashiro et al., 1983; Farsi et al., 2018).
Endosome acidification is important because acidic conditions induce conformational
changes causing some receptors to release their bound ligands (Johnson et al., 2016; Hu
et al., 2018). Once receptor-ligand interactions are disrupted, receptors can be recycled
back to the surface independently of their ligand. Vacuolar ATPase activity is also
important for promoting some signaling pathways. Notch signaling to regulate cell fate
is dependent on the cleavage of its intracellular signaling domains which only occurs in
acidic endosomes (Vaccari et al., 2010; Valapala et al., 2013). Without acidic conditions
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to promote protease activity, the intracellular Notch signaling domain is not released
from the lysosomes and its signaling is instead terminated.

Multivesicular bodies and lysosomes
Any proteins that are not recycled back to the surface are degraded in the lysosome.
As vesicles mature within the endo-lysosomal system, they transition from Rab5 to Rab7
to Lamp1 positive vesicles. Rab5 and Rab7 transitions are mediated by
phosphoinositide signaling and GTPase regulators, but Lamp1 is acquired from vesicles
originating from the Golgi apparatus (Pols et al., 2013; Cook et al., 2004). Disruptions in
Golgi apparatus function and organization cause large, immature lysosome-endosome
hybrid organelles (D’Souza et al., 2019). As vesicles mature into late endosomes,
PI(3,5)P2 produced by Pikfyve and vATPase activity stimulates multi-vesicular body
formation (Shaw et al., 2003; Compton et al., 2016). Multivesicular bodies form when
receptors on the surface of late endosomes are packaged into vesicles and internalized
into the late endosome. The ESCRT complex recognizes ubiquitinated receptors marked
for degradation and promotes their internalization into multivesicular bodies for
lysosomal degradation (Takahashi et al., 2015; Jékely and Rørth, 2003; Frankel and
Audhya, 2018).

Macropinocytosis
Summary
Macropinocytosis is an ancient non-selective bulk fluid uptake pathway used to
internalize extracellular solutes (Figure 2). Growth factor stimulation promotes actin
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polymerization and phosphoinositide production resulting in the formation of large
membrane protrusions. These protrusions may be organized into circular cups that
enclose and internalize large volumes of extracellular materials. These large endocytic
vesicles quickly shrink and enter the endo-lysosomal network and are subject to normal
recycling and degradation pathways.

Phosphoinositides organize membrane ruffles into
macropinosomes
Growth factors stimulate membrane ruffling

Internalized vesicles enter the
endo-lysosomal system

Cargo is delivered to and from the Golgi
apparatus for protein recycling and lysosome
biogenesis, respectively.

Cargo is transported and degraded in

the lysosome

Figure 2. Model of Macropinocytosis. Growth factor stimulation promotes actin
polymerization and large membrane ruffle formation. Membrane ruffles can be
organized into macropinocytic cups by phosphoinositol signaling to internalize
large volumes of extracellular materials. Internalized vesicles then mature like
normal endocytic vesicles as recycling returns excess membrane and proteins
back to the surface and the golgi delivers lysosomal proteins to late endosomes
to promote protein degradation.
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Membrane ruffle formation
Actin polymerization organized by phosphoinositide signaling drives membrane
ruffling leading to macropinosome formation. PI(4,5)P2 directs actin polymerization to
generate actin-rich membrane protrusions that may form into macropinosomes (Borm
et al., 2005; Lim et al., 2015). Actin polymerization generates actin filaments when
globular (g-actin), ATP bound actin monomers are added to the pointed end while GDP
bound actin monomers are released from the barbed end in a process described as actin
treadmilling (Graceffa and Dominguez, 2003; Merino et al., 2018; Fujiwara et al., 2002).
Membrane ruffles are dynamic structures formed by dynamic actin polymerization.
Dynamic actin structures form by manipulating the rates or actin treadmilling. By
affecting rates of actin polymerization, dynamic structures can quickly form and
generate macropinosomes. Some proteins like formins bind and nucleate F-actin to
increase actin filament length (Pruyne et al., 2002) while proteins like cofilin shorten
actin filaments by severing them (Zhao et al., 2010). As proteins compete to regulate Factin filament length, the Arp2/3 complex simultaneously nucleates branched actin by
starting new F-actin filaments on the sides of previously generated filaments (Mullins et
al., 1998). Together, actin polymerization mechanisms generate actin-rich membrane
protrusions that may be organized into macropinosomes, but the mechanisms of how
membrane ruffles are organized have yet to be determined.

Macropinosome formation
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CSF1, CXCL12, and LPS stimulate macropinocytosis by stimulating phosphoinositide
signaling required to organize actin protrusions into macropinosomes (Racoosin and
Swanson, 1989; Pacitto et al., 2017; Wong et al., 2018; Araki et al., 1996; Maekawa et
al., 2014). CSF1, CXCL12, and LPS all stimulate the conversion of PI(4,5)P2 into both
PI(3,4,5)P3 and Diacylglycerol (DAG) to promote intense membrane ruffling and
macropinosome closure, but how these molecules generate macropinosomes is
unknown. PIP3 production is essential for macropinosome closure (Araki et al., 1996)
while DAG generates a positive feedback loop that stimulates further macropinosome
formation. These molecules may have other roles in macropinosome formation, but we
currently do not understand them. Phorbol esters like PMA, a DAG analog, have been
shown to stimulate macropinosome formation by stimulating phosphokinase C (PKC)
activity, but it is unclear if PKC alone is responsible for promoting macropinosome
formation or if PMA stimulates other proteins as well (Swanson et al., 1985; Aballay et
al., 1999; Yoshida et al., 2015a).

Macropinosomes and signal transduction
Macropinosomes amplify growth factor signaling by concentrating signaling
molecules downstream of receptors. As membrane ruffles circularize into
macropinocytic cups, they concentrate PIP3 within their ruffles and exclude PIP3
phosphatases (Welliver et al., 2011; Hoeller et al., 2013). PIP3 recruits and helps
stimulate Akt kinase activity to promote mTor signaling and cell growth. Akt
phosphorylates TSC1/2, among others, to relieve inhibition on mTor to stimulate growth
(Ebner et al., 2017; Yoshida et al., 2015b; Pacitto et al., 2017). When exposed to low
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concentrations of growth factors, mTor signaling is dependent on macropinocytosis.
Cytoskeleton inhibitors that prevent membrane ruffling prevent PIP3 accumulation and
inhibit Akt activation (Welliver and Swanson, 2012).

Macropinosome maturation
Nascent macropinosomes are integrated into the normal endo-lysosomal system. As
large 2-5 µM sized structures, macropinosomes have several unique vesicular trafficking
steps compared to smaller endocytic vesicles. Before entering the endo-lysosomal
system, macropinosomes undergo osmotically controlled shrinkage. Ion channels
recruited to nascent macropinosomes pump out salts and the water quickly follows.
The sudden loss of volume induces vesicle shrinkage and wrinkling. Sorting nexins bind
and stabilize the wrinkles and mold them into tubular structures to promote recycling
and maturation (Kerr et al., 2006; Freeman et al., 2019). As macropinosomes mature,
CSF1R internalized by clathrin-mediated endocytosis is trafficked into macropinosomes
and sorted into multivesicular bodies to promote degradation (Lou et al., 2014).
Integrin proteins have also been observed to be trafficked into macropinosomes.
Disruptions to macropinocytosis, including disturbances to trafficking or formation
disrupt receptor trafficking. Without macropinosomes, CSF1R is not degraded properly
and without macropinosomes, Integrins are not recycled back to the surface to facilitate
movement.

CRISPR/Cas9
In the early 1990s, the fingerprints of the CRISPR/Cas9 genome editing system
were first identified. Researchers noticed bacterial DNA had clustered regular
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interspaced short palindromic repeats (CRISPR), and adjacent to those sequences was
DNA homologous to bacteriophages (Lander, 2016). This system was quickly identified
as a primitive adaptive immune system and the CRISPR gene could be customized to
induce double-stranded breaks in plasmid DNA, but how this gene worked was
unknown. In 2012, researchers identified the Cas9 enzyme as the endonuclease
responsible for cutting DNA and adapted the system to target mammalian cell DNA
using a single guide RNA (sgRNA) rather than the two-part system used by bacteria
(Jinek et al., 2012; Cong et al., 2013; Shalem et al., 2014; Lander, 2016). To disrupt
functional protein expression, the CRISPR/Cas9 system induces double-stranded breaks,
which may be repaired using error-prone non-homologous end joining (NHEJ) (Guo et
al., 2018). During NHEJ, the two blunt end strands are fused, but nucleotides may be
spontaneously inserted or deleted (indel) causing frame-shift mutations and generate
early stop codons that prevent functional protein translation, effectively disrupting gene
function.
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Chapter 2
CRISPR/Cas9 whole-genome screen identifies positive and negative regulators of
endocytosis in macrophages

Abstract
Macrophages maintain constant surveillance of their environment using receptor-mediated
endocytosis and pinocytosis. Cell surface receptors allow macrophages to recognize common
endogenous or antigenic patterns while macropinocytosis internalizes extracellular solutes nonselectively. We used CRISPR/Cas9 whole-genome screens to identify genes regulating
unstimulated and growth factor-stimulated dextran uptake. Using targeted gene disruptions,
we observed that genes increasing Mrc1 expression enhance dextran uptake in murine
macrophages. Furthermore, we observed that IL4 treated murine macrophages internalize
more dextran than control cells by upregulating Mrc1 expression rather than upregulating
macropinocytosis. This data identifies numerous genes that enhance dextran internalization in
primary murine macrophages and predicts cellular pathways and processes regulating Mrc1
expression. Our screens reveal regulators of Mrc1-mediated endocytosis and may be useful for
understanding how Mrc1 is regulated in macrophages and improve treatments or understand
pathologies affecting Mrc1. We also observed that dextran is not an effective marker for
macropinocytosis in primary murine macrophages since Mrc1-mediated endocytosis
simultaneously internalizes dextran.

Introduction
Macrophages maintain tissue homeostasis by surveilling their environment for factors
that disrupt tissue stability. Using their prolific endocytic capacity, macrophages can detect and
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internalize a wide variety of microbial or endogenous molecules using pattern recognition
receptors (Canton et al., 2013; Kawai and Akira, 2010). Alternatively, macrophages nonselectively engulf large volumes of extracellular solutes and molecules via macropinocytosis, a
fluid-phase uptake mechanism dependent on large, actin-based membrane protrusions (Araki et
al., 1996; Condon et al., 2018; Buckley et al., 2020).

CSF1R stimulates macropinosome formation and promotes tissue surveillance by
macrophages. CSF1R stimulates macropinosome formation by promoting PI3K activity leading
to phosphoinositide signaling required for macropinosome formation (Racoosin and Swanson,
1989; Welliver and Swanson, 2012; Maekawa et al., 2014). These macropinosomes are able to
facilitate wound detection and healing by macrophages (Freeman et al., 2019). Not only do
macropinosomes internalize extracellular solutes, they also direct protein traffic. CSF1R is
degraded within macropinosomes while Integrins are recycled from macropinosomes (Lou et al.,
2014; Freeman et al., 2019). Although neither CSF1R nor Integrins are internalized by
macropinocytosis, they both require macropinocytosis for trafficking and degradation. We
observe that macropinosomes are important not only for internalizing extracellular solutes, but
also for directing protein traffic within the cell and driving macrophage function.

The discovery of the bacterial CRISPR/Cas9 genome editing system and its adaptation to
mammalian cells makes precise genome editing easier and more efficient than ever before
(Lander, 2016; Jinek et al., 2012; Cong et al., 2013; Hsu et al., 2013). Pooled sgRNA libraries with
unique sgRNAs targeting any combination of genes facilitate whole genome screens allowing
users to rapidly identify genes regulating specific cellular activities (Shalem et al., 2014; Haney et
al., 2018).

34
Here, we developed a CRISPR/Cas9 screen workflow to identify genes regulating dextran
internalization in primary murine macrophages. We used the Brie pooled sgRNA library to
disrupt murine macrophage gene function. Then, we sorted cells based on their ability to
internalize dextran in the presence or absence of CSF1 stimulation and sequenced sgRNAs that
enhanced or reduced the ability of cells to internalize dextran. Our results predict 688 genes
with an FDR less than 0.1 regulating dextran uptake in primary macrophage. We observed
genes regulating Mrc1 expression and trafficking to be critical for regulating dextran
internalization in primary murine macrophages. Overall, this work identifies genes regulating
both growth-factor and unstimulated dextran internalization in primary murine macrophages.
This will lay the groundwork for identifying specific genes and regulatory networks that enhance
the endocytic abilities of macrophages.

Methods
Reagents
Dulbecco’s Modified Eagle Medium (DMEM) was from American Type Culture
Collection (ATCC; 30-2002; Manssas, VA). Heat-inactivated fetal bovine serum (FBS) was
from R&D Systems (Atlanta, Georgia). Penicillin/streptomycin was from (Corning,
Manassas, VA). DPBS with or without calcium and magnesium was purchased from GE
Healthcare Life Sciences (Pittsburgh, PA). Primary conjugated anti-MRC1 antibody
(clone C068C2), unconjugated anti-MRC1 antibody (clone C068C2), PE-conjugated
isotype control Igk2a antibody (clone RTK2758), Truestain FcX (clone 93), mouse
recombinant IL4, and mouse recombinant CSF1 are from BioLegend (San Diego,
California). Dylight 594 anti-rat secondary antibody (catalog No. SA5-10020) is from
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Thermofisher (Waltman, Massachusetts). Mannan from S. cerevisiae prepared by
alkaline extraction is from Sigma Aldrich (St. Louis, Missouri). Cyclosporine A,
Puromycin, Lucifer yellow, Texas Red 40 kDa dextran, 40 kDa amino dextran, Dylight 594
NHS ester dye, A555 NHS ester dye, A647 NHS ester dye, and NHS sulfo-acetate, A647
NHS ester dye, and N,N-Dimethylformamide from Fischer Scientific (Waltman,
Massachusetts). LY294002 inhibitor is from Cayman Chemical (Ann Arbor, Michigan).
PsPAX2 was a gift from Didier Trono (Addgene plasmid # 12260 ;
http://n2t.net/addgene:12260; RRID: Addgene_12260). pCMV-VSV-G was a gift from
Bob Weinberg (Addgene plasmid #8454; http://n2t.net/addgene:8454;
RRID:Addgene_8454).
Bone marrow-derived macrophage isolation and culture
Bone marrow-derived macrophages (BMDMs) were differentiated from the bone
marrow cells of 6-week-old C57BL/6 mice as described with some modifications
(Racoosin and Swanson, 1989) (Figure 1) . We used C57BL/6 mice expressing Cas9-Gfp
from the Rosa26 locus for both screens (Chu et al., 2016)(Jackson Labs Stock No. 02179,
Bar Harbor, ME). For all other experiments, we used C57BL/6 mice expressing Cas9
alone from the H11 locus (Chiou et al., 2015)(Jackson Labs Stock No. 028239, Bar
Harbor, ME). Briefly, mice were euthanized with CO2. We then removed the femurs
and cut off the tips to flush the bone marrow with PBS. Cells were washed and cultured
on non-tissue culture treated plates in 5% CO2 and 37°C in bone marrow medium
(BMM) consisting of DMEM, 20% heat-inactivated FBS, 30% L-cell Supernatant (Stanley
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and Heard, 1977) as a source of colony-stimulating factor-1 (CSF1), 10,000 IU penicillin,
10 mg/ml streptomycin, and 5.7 mM 2-mercaptoethanol. On day 4 post isolation, nonadherent cells were discarded, and the adherent cells were cultured as macrophages.
BMDMs were transduced on day 4 or 5 post isolation.
Lentiviral transduction with Brie pooled sgRNA library
Brie library amplification, lentiviral production, and titer calculations were
performed as described (Joung et al., 2017) with minor modifications. Briefly, the Brie
library plasmids were amplified in Stbl3 E. coli (New England Biolabs, Ipswich,
Massachusetts) and sequenced to assess sgRNA representation. To produce lentivirus,
NIH 293T cells are seeded onto 10-cm plates in 10% FBS plus DMEM before transfection
with 6 µg sgRNA lentiGuide-Puro plasmid, 6 ug psPax2 plasmid, 1 µg pVSVG plasmid
(Stewart et al., 2003), and 24 µg polyethyleneimine (PEI) for 24 h. Lentiviral supernatant
was harvested after 48 h and stored at -80°C. SgRNA sequences for sgRNAs used for
targeted knockouts are in supplementary table 2.2. To calculate the functional viral
titer, macrophages were transduced with increasing volumes of lentivirus in BMM plus 1
µM CSA. After 48 h, the transduction solution was replaced with BMM plus 5 µg/ml
puromycin for selection. After selection, the surviving cells were counted to determine
the percentage of transduced cells relative to non-selected control wells. For each
screen, we transduced approximately 5x107 cells to achieve at least 50% cell death.
Cells were cultured for 8 days following puromycin selection to allow for gene disruption
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Figure 1. CRISPR/Cas9 screen workflow to identify genes regulating dextran uptake in
primary murine macrophages. BMDMs were derived from Cas9-expressing mice and
transduced with the Brie sgRNA library and cultured to allow for gene disruptions and
protein turnover. Then, cells were starved of CSF-1 before exposure to 40 kDa
fluorescent dextran in the presence or absence of CSF-1 for 15 minutes. The upper and
lower quintiles of cells were sorted by fluorescence and bar-coded sgRNA inserts were
amplified and sequenced. The sgRNA insert sequences were mapped to the sgRNA
library and statistical enrichment of gRNA inserts in the low or high fluorescent groups
were determined using the MAGeCK bioinformatics tool.

38

and protein turnover (Figure 1). The mouse Brie CRISPR knockout pooled library was a
gift from David Root and John Doench (Addgene #73633)
Dextran uptake assay
Cells starved overnight of CSF1 in CSF1 starvation medium (DMEM plus 10% FBS) were
exposed to 300 µg/ml Dylight 594 or A555 40 kDa dextran for 15 min in the presence
(CSF1 stim), or absence (Unstim) of 200 ng/ml CSF1 (Figure 1). After 15 min, the cells
were gently washed with warm PBS, incubated on ice for 5 min in calcium- and
magnesium-free PBS, and detached. Detached cells were sorted with a BD FACs Jazz
flow cytometer based on dextran fluorescence with the highest (high dextran uptake)
and lowest (low dextran uptake) quintiles sorted for sequencing. Approximately 10% of
the cells were collected before sorting to assess sgRNA distribution in the cell
population (Presort). After sorting, the cells were pelleted and stored at -80°C before
DNA purification.

PCR and next-generation sequencing of gRNA inserts
Genomic DNA (gDNA) was extracted from pellets with the GeneJET genomic DNA
extraction kit (Thermofisher, Waltham, Massachusetts) and the sgRNA library was
amplified for sequencing as described (Joung et al., 2017) (Figure 1). Briefly, gDNA was
amplified equally in each reaction with an equimolar mix of P5 staggered primers and a
unique P7 primer (Table S1) containing an index sequence for sample identification with
a Phusion polymerase kit (Fishersci, Waltman, Massachusetts). After all of the gDNA
was amplified, the PCR product was pooled and the 357 bp product was gel purified
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with the wizard gel and PCR clean up kit (Promega, Madison, Wisconsin) for sequencing
with the Illumina NextseqTM 500 system high-output kit with 75 bp read length.
Sequencing quality was assessed within the Illumina dashboard and read count
summaries and mapping data from MAGeCK can be found in the (Supplemental Figure
2.1-2.2). Cut adapt, version 1.18 (Martin, 2011) was used to remove sequencer adapter
regions to produce FASTQ files containing the 20 bp sgRNA sequences.

Statistical analysis of sequencing data and gene ranking
Model-based analysis of genome-wide CRISPR-Cas9 Knockouts (MAGeCK), version
0.5.9 (Li et al., 2014) identify enriched sgRNAs in the highest and lowest quintiles based
on dextran uptake. The ‘–count’ function mapped sgRNAs sequences processed with
Cutadapt to the Brie library sequences file and generated read counts for each sgRNA.
The ‘-test’ command was used to compare sgRNA read counts for each sgRNA in the low
and high fluorescence populations and rank each sgRNA for enrichment to identify
sgRNAs, and therefore genes, that regulate dextran uptake. The ‘-control-sgrna’
command was used with the ‘-test’ command to identify 1000 control non-coding
sgRNAs used as a control for read count normalization.

Fluorescence Microscopy
BMDMs cultured overnight in CSF-1-starvation medium (DMEM + 10% FBS) were
stimulated with 200 ng/ml CSF1 in the presence of 100 or 500 µg/ml dextran and 500
ug/ml lucifer yellow with the appropriate inhibitors in HBSS. After each stimulation,
cells were quickly washed with cold HBSS to slow biochemical activity and slow down
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vesicular trafficking before imaging for dextran and lucifer yellow. Cells were pretreated
with 50 µM LY294002 or 1 mg/ml mannan for 30 min before each experiment. Cells
were imaged using an Olympus IX83 microscope platform. Fluorophores were excited
using the X-cite Turbo system and the emission captured by emission filters (Quad cube:
OSF-QUADPLEDBX3). We observed emissions using a cooled ccd camera through a 60x
oil objective (NA 1.42) or a 40x air objective (NA 0.95) (Olympus, Shinjuku City, Tokyo,
Japan).
Immunofluorescence Staining
Cells were fixed 10 days post-transduction with 4% PFA for 10 min and washed with
PBS before permeabilization for 15 min with 0.3% Triton-X 100 plus 1% BSA in PBS.
Then, cells were stained with anti-Mrc1 primary antibody (1:200) for 1 h in PBS plus 1%
BSA. Cells were stained with anti-rat Dylight 594 secondary antibody (1:125) and DAPI
for 1 h. Cells were imaged using a 40X air objective.
Surface marker staining for Mrc1
A total of 1.5 x105 cells were suspended in 1% FBS plus 1.5 µg/ml Fc block in PBS for
15 min on ice according to the manufacturer’s instructions. After 15 min, Phycoerythrin
(PE)-conjugated anti-MRC1 or isotype control (1:80) was added to each sample and
incubated for 15 min on ice. The samples were then washed three times and
fluorescence intensity measured with a BD Accuri flow cytometer. At least 104 cells
were analyzed for each experiment and live cells gated using forward and side scatter.
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IL4 treatment
Cells were stimulated with 50 ng/ml IL4 in BMM for 48 h. For experiments involving
CSF1 starvation, cells were stimulated with 50 ng/ml IL4 in BMM for 24 h, and then the
BMM was replaced with 50 ng/ml IL4 in 10% FBS plus DMEM for another 24 h.
Fluorescent dye conjugation to dextran
Room temperature Alexa 647, Dylight 594, or Alexa 555 NHS ester dye dissolved in
DMF was added to 40 kDa amino dextran dissolved in 100 mM sodium bicarbonate
buffer at a 10:1 molar ratio for at least 1 hour on a rocker. Free dye was then removed
using a 7k MW cutoff Zebra Spin column (Fishersci, Waltman, Massachusetts) according
to the manufacturer’s protocol. The conjugation efficiency was calculated using Beer’s
law to calculate the amount of dye compared to the amount of dextran used in the
initial reaction.
Statistical analysis
Statistical analysis was performed using Prism software 8.0 (San Diego, California).
We used either one-way or two-way ANOVAs for the initial analysis of more than two
samples followed by a Dunnet’s post hoc test when appropriate. The geometric means
for all flow cytometry data were calculated using FlowJo software 10.6 (Franklin Lakes,
New Jersey). We used the Venn diagram software developed by VIB/Ugent (Ghent,
Belgium) (http://bioinformatics.psb.ugent.be/webtools/Venn/)

Results
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CRISPR/Cas9 whole-genome screen identifies Mrc1 as a regulator of fluorescent dextran
uptake in primary murine macrophages.
We implemented CRISPR/Cas9 whole genome screens to identify genes
regulating both unstimulated and CSF1 stimulated fluorescent dextran uptake. To
identify the core endocytosis genes, we first assessed dextran uptake in the absence of
stimulatory ligands and identified 343 genes with an FDR less than 0.1 regulating
dextran uptake (Figure 2A,C, Table S3). Among the top genes predicted to negatively
regulate (increase dextran uptake) unstimulated dextran uptake are Vmn1r149, Trem2,
and Tyropbp while the top genes positively regulating (decrease dextran uptake)
dextran uptake are Mrc1, Ptpn6, and Slc35a2 (Figure 2A). Since growth factors like CSF1
or CXCL12 increase solute uptake in macrophages by increasing macropinocytic activity
(Racoosin and Swanson, 1989; Pacitto et al., 2017). We wanted to identify genes that
enhance dextran uptake in response to CSF1 stimulation by promoting macropinosome
formation. We assessed dextran uptake following CSF1-stimulation and identified 561
genes with an FDR less than 0.1 predicted to regulate dextran uptake (Figure2B,C, Table
S4). MAGeCK predicted Phf5a, Nprl3, and Syk as the top negative regulators and
Atp6v0a1, Slc35a2, and Ptpn6 as the top positive regulators of CSF1 stimulated dextran
uptake (Figure 2B). A brief comparison of both screens reveals 216 common genes
regulating both unstimulated and stimulated dextran uptake and 345 genes unique to
CSF1 stimulated dextran uptake and 127 genes unique to unstimulated dextran uptake
(Figure 2C, Table S5). With so many genes predicted to regulate both unstimulated and
stimulated dextran uptake, we plotted the log-fold changes, a measure of sgRNA
enrichment, to identify robust phenotypes observed in both screens (Figure 1D). Syk,
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Figure 2. Mrc1 predicted as regulator of dextran uptake in primary macrophages using CRISPR/Cas9
whole genome screen. A-B) Each volcano plot describes the MAGeCK results from CRISPR/Cas9 whole
genome screens that predict which genes regulate dextran uptake without stimulation (A) or following
CSF1 stimulation (B). In each plot, the list of genes on the left describe the top positive regulators and the
list on the right describes the top negative regulators by log fold change. C) Venn diagram comparing all
hits with an FDR < 0.1 in the unstimulated and CSF1 stimulated dextran screens. D) The scatter plot
compares the log fold changes for all genes from both the unstimulated and CSF1 stimulated screens. The
genes selected for further validation are labeled.
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Rhog, Ptpn6, Vps33a, and Mrc1 are all predicted as robust regulators of dextran
uptake in primary murine macrophages during both unstimulated and CSF1 stimulated
uptake.
MAGeCK predicts that macrophages use multiple mechanisms to take up dextran
Macropinocytosis and receptor-mediated endocytosis are reported dextran uptake
mechanisms, but macrophages are thought to primarily use macropinocytosis for
dextran uptake (Araki et al., 1996; Berthiaume et al., 1995; Sallusto et al., 1995).
MAGeCK predicts Mrc1 to be a regulator of both unstimulated and CSF1 stimulated
dextran uptake (Figure 2). We began to test this prediction by first validating some of
the predictions made by MAGeCK. We selected several genes with robust phenotypes
(Figure 2d) to determine if disrupting those genes disrupted dextran uptake as
predicted. We observed that all sgRNAs targeting Mrc1, Vps33a, Ptpn6, Syk, and Rhog
similarly induced the same internalization phenotype (Figure 3A). For each gene, we
selected the best sgRNA based on log fold change for further validation. Lucifer yellow
is a bona fide fluid-phase uptake marker, so we expect gene disruptions that disrupt
macropinocytosis will affect both lucifer yellow and dextran uptake if macrophages use
macropinocytosis to internalize dextran (Swanson et al., 1985). However, if dextran is
selectively internalized, using Mrc1-mediated endocytosis, we expect dextran uptake
alone to be disrupted without affecting lucifer yellow uptake. Our dextran uptake assay
confirmed Mrc1sgRNA, Vps33asgRNA, and Ptpn6sgRNA treated cells internalized less dextran
than ScramblesgRNA treated cells while SyksgRNA and RhogsgRNA treated cells internalized
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more dextran (Welch’s ANOVA(5837 (6.0, 25869) p < 0.0001)) as predicted by MAGeCK
(Figure 3B). Interestingly, Mrc1sgRNA and Vps33asgRNA treated cells took up significantly
less dextran than ScramblesgRNA treated cells, but nearly the same amount of lucifer
yellow as ScramblesgRNA treated cells (Welch’s ANOVA(2904,6.0, 27912, p < 0.0001)).
This suggests that lucifer yellow and dextran are not internalized using the same
pathways. Ptpn6sgRNA treated cells did take up less lucifer yellow and dextran while
SyksgRNA and RhogsgRNA treated cells took up increased levels of both solutes.
To confirm whether or not dextran is internalized using a different mechanism
than lucifer yellow, we imaged CSF1-stimulated lucifer yellow and dextran uptake in
macrophages to clarify the role of receptor-mediated endocytosis (Figure 3C,D). Using
lucifer yellow to identify macropinosomes, we noticed dextran in both nascent
macropinosomes marked by lucifer yellow and in vesicles without lucifer yellow (Figure
3C,D). We compared A555 and Texas red conjugated dextrans to determine whether or
not we observed receptor-mediated and fluid-phase uptake of A555 40 kDa dextran
because of the dye or the dextran. We found that Texas red dextran and A555 40 kDa
dextran both enter cells using fluid phase and receptor-mediated uptake pathways
(Figure 3C,D).

Receptor-mediated endocytosis and macropinocytosis mediated dextran uptake in
primary macrophages
To assess the contributions of different endocytic pathways to dextran uptake,
we exposed macrophages to either mannan or LY294002 inhibitors in the presence of
both dextran and lucifer yellow. Mannan prepared by alkaline degradation is
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Figure 3. MAGeCK predicts that macrophages use multiple mechanisms to take
up dextran. A) The normalized read counts from the CSF1 stimulated screen to
compare the representation of each sgRNA within the low and high fluorescent samples
for select genes. B) Targeted knockouts were starved of CSF1 overnight using 10% FBS
plus DMEM and then stimulated with CSF1 for 30 minutes in the presence of both
lucifer yellow (left column) and Texas red dextran (right column). Each square compares
ScramblesgRNA treated cells (gray) with its respective knockout (red). We used Welch’s
ANOVA to compare lucifer yellow (Welch’s ANOVA(2904 (6.0, 27912) p< 0.0001)) and
dextran (Welch’s ANOVA(5837 (6.0, 25869) p < 0.0001)) uptake followed by GamesHowell test for post hoc analysis. All samples were significantly different than wild type
cells. The overlays and statistical tests describe representative data of 3 independent
experiments. C) Cells were starved overnight of CSF1 and then stimulated with CSF1 for
5 minutes in the presences of both A555 40 kDa dextran and lucifer yellow. Using
brightfield microscopy, we observed the formation of nascent macropinosomes, and
following their formation and closure, we washed the cells and imaged the cells looking
at both lucifer yellow and A555 40 kDa dextran. D) Cells were starved overnight of CSF1
and then stimulated with CSF1 for 5 minutes in the presence of both Texas Red 40 kDa
dextran and lucifer yellow. After 5 minutes, the cells were washed with cold HBSS and
imaged for both dextran and lucifer yellow.

48

approximately 40,000 MW (Nakajima and Ballou, 1974), making it an ideal inhibitor of
receptor-mediated dextran uptake since both molecules are the same size (Nakajima
and Ballou, 1974). LY294002 inhibits phosphoinositol 3-kinase (PI3K) (Walker et al.,
2000), a protein required for membrane ruffle closure into macropinosomes to
effectively inhibiting fluid-phase uptake (Araki et al., 1996). To determine if receptormediated endocytosis or fluid-phase uptake takes up more dextran, we stimulated CSF1
starved macrophages with CSF1 in the presence of lucifer yellow and different
concentrations of Texas red 40 kDa dextran following treatment with mannan or
LY294002. Mannan reduced dextran uptake more than LY294002 at both low and
higher concentrations of dextran (Figure 4A, B). At 100 µg/ml Texas red dextran,
mannan treatment reduced dextran uptake by over 90% while LY294002 inhibited
dextran uptake by nearly 60%, but at 500 µg/ml Texas red dextran, mannan reduced
dextran uptake by approximately 60% and LY294002 reduced dextran uptake by only
40%. At both concentrations, lucifer yellow uptake was inhibited nearly 40% by
LY294002. A two-way ANOVA and post-hoc analysis dextran uptake at different
concentrations suggests both a concentration dependent increase in dextran (Two-way
ANOVA(DF=31372, F=37.88) p <0.001) as expected from a fluid phase uptake process,
but it also implies an inhibitor dependent decrease (two-way ANOVA; DF=12032,
F=37.88; p<0.0001) as expected from multiple uptake mechanisms. Together, the data
suggest that macropinocytosis and receptor-mediated endocytosis work together to
promote dextran uptake, but receptor-mediated endocytosis is more prevalent at low
concentrations while fluid phase uptake prevails at higher concentrations.
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Using microscopy, we observed CSF1-stimulated lucifer yellow and dextran uptake
following LY294002 and mannan treatments to confirm our flow cytometry results
(Figure 4C,D). At both 100 and 500 µg/ml dextran controls, we noticed dextran
internalized through lucifer yellow independent and dependent routes. Mannan
inhibition prevents lucifer yellow independent internalization routes while leaving
lucifer yellow dependent uptake intact. Mannan inhibition prevented the formation of
small vesicles without lucifer yellow but did not inhibit the formation of vesicles
containing both lucifer yellow and dextran. LY294002 on the other hand, inhibited the
formation of vesicles containing both lucifer yellow and dextran while leaving vesicles
without lucifer yellow intact. Together, this suggests mannan inhibits receptor
mediated endocytosis while LY294002 inhibits fluid phase uptake, but not receptor
mediated endocytosis. However, we did notice that LY294002 slightly disrupted
receptor-mediated dextran uptake. We noticed the vesicles forming following inhibition
were smaller than the control cells, but this may be a result of the off target effects of
LY294002 (Dittmann et al., 2014; Gharbi et al., 2007). Wortmannin, a structurally
unrelated inhibitor of PI3K activity disrupts EEA1 recruitment to endosomes and reduces
Mrc1 trafficking by disrupting PI(3)P production by class III PI3K kinases (Kjeken et al.,
2001).
We also noticed that macropinosomes formed in the presence of 100 µg/ml
dextran were dimmer than receptor-mediated endosomes while macropinosomes
formed in the presence of 500 µg/ml dextran were brighter than receptor-mediated
endosomes. This may reflect receptor saturation. When exposed to low 100 µg/ml
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dextran concentrations, the receptor-mediated endocytic pathway concentrated
dextran within endosomes more than the dextran within macropinosomes. At higher
500 µg/ml dextran concentrations, the receptor-mediated endocytic pathway is
saturated and cannot internalize as much dextran as the macropinosomes. Cells
expressing more or less Mrc1 may be able to manipulate the concentrations at which
receptor-mediated endocytosis is saturated.
Functional mannose receptor enhances dextran uptake in primary macrophages
Mrc1 expression and function varies depending on cytokines including LPS, INF-y,
and IL4, mouse strains, and tissues (Stein et al., 1992; Link et al., 2018; Autenrieth and
Autenrieth, 2009; Su et al., 2005, 2009). To assess Mrc1’s role in dextran uptake, we
measured dextran uptake and binding using flow cytometry in targeted Mrc1sgRNA
knockouts. At 4C, Mrc1sgRNA treated cells bound to 30% as much dextran as
ScramblesgRNA treated cells (t=37.49, df=2, P<0.0001) and internalized only 21% as much
dextran at 37C (Figure 5A). This suggests that not only does Mrc1 bind dextran, it also
plays a significant role in dextran internalization. We also used mannan to inhibit
receptor-mediated endocytosis of dextran uptake since mannan is a Mrc1 ligand. As
expected, increasing concentrations of mannose blocked dextran binding at 4C (BrownForsythe test (239(2,3) p<0.0001)) and fluorescent dextran uptake at 37C (BrownForsythe test (321(2,3) p<0.0001)) in a dose-dependent manner (Figure 5B,C). Together,
this shows Mrc1 binds dextran and significantly enhances dextran uptake in
macrophages.
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Figure 4. Macropinocytosis and receptor mediated endocytosis mediate dextran uptake in primary
macrophages. A) Primary macrophages were starved overnight of CSF1 and then pretreated with either 1
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Previously, we observed Mrc1sgRNA and Vps33asgRNA treated cells take up similar
amounts of lucifer yellow as ScramblesgRNA treated cells, suggesting an intact fluid-phase
uptake pathway, but still had defects in dextran uptake, which we now attribute to
disrupted Mrc1 mediated endocytosis. So, we asked if some gene disruptions affect
Mrc1 protein levels. Only 25% of Mrc1 is at the surface of the cell (Wileman et al.,
1984), and the intracellular pool is quickly recycled to the surface of the cell (Stahl,
Philip D., Schlesinger, 1980) to replace internalized Mrc1 under normal conditions. We
used flow cytometry to measure surface Mrc1 and microscopy to observe total Mrc1 in
targeted knockouts compared to Wild Type cells. Mrc1sgRNA, Vps33asgRNA, and Ptpn6sgRNA
had less MRC1 than ScramblesgRNA while SyksgRNA treated cells had increased surface
Mrc1 (ANOVA(48.5, (6,14), p < 0.0001)) (Figure 5D). Mrc1sgRNA, Vps33asgRNA, and
Ptpn6sgRNA treated cells displayed very little Mrc1 at the surface and microscopy data
showed they had very little total Mrc1 (Figure 5D,E). SyksgRNA treated cells had much
higher surface Mrc1 and increased levels of total Mrc1 while Rhog sgRNA treated cells did
not have significantly higher levels of surface Mrc1. This suggests some of the genes
identified by our screens regulate dextran uptake by regulating Mrc1 protein levels.

IL4 enhances dextran uptake in murine macrophages by upregulating Mrc1
Dextran and albumin are typical markers used to identify macropinosomes and
endosomes, but depending on the cell type, mouse strain, or even species, the pathway
used to internalize these ligands may be different and can be further manipulated by
cytokines. IL4 increases Mrc1 expression in human monocyte-derived macrophages and
even stimulates macropinocytosis (Redka et al., 2018; Montaner et al., 1999). We used
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Figure 5. Expression of functional mannose receptor enhances fluorescent dextran uptake in primary
macrophages. A) Cas9 expressing bone marrow derived macrophages were treated with ScramblesgRNA
or Mrc1sgRNA lentivirus. Then, cells were exposed to 0, 0.1, or 1 mg/ml A647 40 kDa dextran for 1 h in
the presences of 200 ng/ml CSF1 at 4C (inhibits endocytosis) or 37C to assess dextran binding and
dextran uptake, respectively. We compared the percent control for Mrc1sgRNA and ScramblesgRNA using a
2-tailed T-test. *P<0.001. B-C) Bone marrow derived macrophages were starved overnight followed by a
30-minute pretreatment with 0, 0.1, or 1 mg/ml Mannan. Then, cells were stimulated with CSF1 for 30
minutes at 4C or 37C to measure dextran binding and dextran uptake. Bar graphs show the mean +/- sd
of 2 replicates. We used a one-way ANOVA and Dunnett’s test for statistical analysis. * P-value < 0.05.
D) Primary macrophages with the indicated gene disruptions were stained for surface mrc1. Bar graph
shows the mean +/- sd of 3 replicates. A one-way ANOVA followed by a Dunnett’s Test was used for
statistical analysis. N.s not significant *P<0.001. E) Primary macrophages with the indicated gene
disruptions were stained for total mrc1 (gray) and with a nuclear DAPI (blue). Scale bars show 20 µm.
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flow cytometry to measure surface MRC1 and dextran binding and uptake following
IL4 treatment. IL4 treatment increases surface Mrc1 by nearly 150% (Ttest(t=6.0, df=2),
p=0.026) (Figure 6A). To test if IL4 stimulates functional Mrc1 expression, we measured
dextran binding at 4C and observed mannan inhibitable dextran binding in IL4 treated
cells (Figure 6B).
Since IL4 treated cells bound more dextran in a receptor dependent manner, we
wanted to see if IL4 treated cells took up more dextran in a receptor-mediated or
macropinocytic manner. We used flow cytometry to measure both lucifer yellow and
dextran uptake in IL4 treated cells following CSF1 stimulation. IL4 treated cells took up
nearly the same amount of lucifer yellow as control cells but took up more dextran than
control cells (Figure 6C). IL4’s increased dextran uptake was abolished by mannan
inhibition, suggesting IL4 increases Mrc1 protein levels to increase dextran uptake, not
macropinocytic activity. We then observed dextran uptake in IL4 treated cells following
CSF1 stimulation to confirm that IL4 treated cells internalize dextran using both lucifer
yellow dependent and independent pathways. Following CSF1 stimulation, we observed
lucifer yellow in nascent macropinosomes of both IL4 and control cells (Figure 6D). We
also observed dextran in vesicles both with and without lucifer yellow, but the
internalized dextran was difficult to see in control cells compared to IL4 treated cells.
IL4 treated cells concentrate dextran in endosomes at a much higher concentration than
control cells, presumably because they have increased surface Mrc1 and endocytic
activity. Together, this suggests that IL4 treated cells increase dextran uptake by
upregulating Mrc1 rather than increasing macropinocytosis.
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Figure 6. Il4 treated murine bone marrow macrophages take up increased levels of
fluorescent dextran by upregulating Mrc1. A). Primary bone marrow macrophages treated
with 50 ng/ml IL4 for 48h were stained for surface levels of mannose receptor and
compared to wild type cells. B) Macrophages treated with 50 ng/ml IL4 for 48h before
exposure to 0.1 mg/ml A647 40 kDa dextran plus 0 or 1 mg/ml mannan for 30 minutes on
ice to measure dextran binding in the presence of mannan on both wild type and IL4
treated cells. C) Wild type and IL4 treated cells were exposed to both 0.5 mg/ml lucifer
yellow and 0.1 mg/ml A555 40 40 kDa dextran for 30 minutes in the presence or absence
of 1 mg/ml mannan at 37ºC to compare fluid phase and receptor mediated dextran
uptake. D) Primary bone marrow macrophages were treated with 50 ng/ml IL4 for 48h and
starved overnight of CSF1 using DMEM plus 10% FBS. Cells were then stimulated with
CSF1 in the presences of 0.08 mg/ml A647 40 kDa dextran and 0.5 mg/ml Lucifer yellow in
HBSS for 5 minutes. Then, they were washed and imaged in HBSS.
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Discussion
Using CRISPR/Cas9 whole genomes screens we revealed that Mrc1 enhances
dextran uptake in primary murine macrophages. Primary macrophages expressing Mrc1
internalize dextran using selective Mrc1-mediated endocytosis and non-selective
macropinocytosis. As the solute concentration increases, Mrc1 mediated uptake
becomes saturated, but fluid phase uptake is not, and solute internalization continues.
Macrophages can regulate whether they use endocytosis or macropinocytosis by
increasing Mrc1 expression or function. Cells expressing more Mrc1 take up more
dextran in a mannan inhibitable fashion whereas macrophages that express less Mrc1
take up less dextran in a LY294002 inhibitable manner. IL4 treated macrophages
increase Mrc1 expression to enhance dextran uptake in mannan inhibitable manner.
Our screens have identified novel and known regulators of dextran uptake in
primary macrophages. Dextran uptake has been used as a measure of endocytic ability,
but dextran uptake is highly dependent on Mrc1 expression. We found bone-marrow
derived macrophages express functional Mrc1 proteins to enhance dextran uptake.
Mrc1 is a pattern recognition receptor used to internalize both endogenous and
pathogenic molecules with mannose, fucose, N-acetyl glucosamine, or glucose polymers
(Feinberg et al., 2000; Iobsts and Drickamero, 1994). We observed that IL4 treated cells,
which express more Mrc1, internalized more dextran than control cells. This suggests
that genes disrupting Mrc1 expression or trafficking may also disrupt dextran uptake.
We observed that some gene disruptions like Mrc1sgRNA, Vps33asgRNA, or Ptpn6sgRNA
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treated cells all had less Mrc1 than control cells which may contribute to decreased
dextran uptake.
Our screens have identified a number of genes that may be critical for regulating
Mrc1 endocytic activities. Our screen predicts Ap2s1, a clathrin adaptor protein
important for clathrin assembly, as a negative regulator implicating clathrin mediated
endocytosis in dextran uptake (Kovtun et al., 2020). Following internalization, vesicles
quickly acidify and merge into the endo-lysosomal system. Our screens identified 14
vacuolar ATPase subunits responsible for acidifying endosomes. Vesicular acidification
is important for inducing conformational changes in the Mrc1 protein to promote
dextran release (Hu et al., 2018). However, the vATPase has also been shown to
promote Ras mutation induced macropinocytosis by regulating plasma membrane
cholesterol levels and Rac1 activation, so it may be affecting both Mrc1-mediated
endocytosis and macropinocytosis (Ramirez et al., 2019).
Following vesicular acidification, endosomes quickly merge into the conventional
endo-lysosomal systems, where the CORVET and HOPS complexes help mediated
homotypic fusion events to help consolidate vesicle cargo (Balderhaar and Ungermann,
2013). All 8 members that make up the CORVET and HOPS complexes were positive
regulators of dextran uptake, suggesting that efficient vesicle trafficking is important for
endocytosis, but many of the subunits have additional functions regulating Golgi and
autophagosome traffic, so the exact nature of their effect is unclear (Bowman et al.,
2019; Kvalvaag et al., 2014; Pavlova et al., 2019; Liu et al., 2006; Pols et al., 2013).
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Vps33asgRNA treated cells did not have a severe defect in lucifer yellow uptake, so
managing homotypic fusion may not be how these subunits regulate dextran uptake.
As vesicles are merged into the endo-lysosomal system, endocytic receptors may
be recycled and returned to the surface. Rab11a positive vesicles traffic recycled
proteins to the Golgi for processing, and then Rab11a and the Exocyst complex return
those proteins to the surface (Takahashi et al., 2012). Seventy-five percent of total
Mrc1 protein is found in intracellular pools instead of on the surface of the cell, so
receptor recycling is very important for maintaining surface pools of Mrc1 (Wileman et
al., 1984; Stahl, Philip D., Schlesinger, 1980). Mrc1 delivered to the surface can then be
internalized again or released by extracellular proteases. Syk was identified as a
negative regulator of dextran uptake, which may be partly explained by its regulation of
Mrc1 shedding as Syk inhibition prevents Mrc1 shedding by proteases and may increase
Mrc1 protein levels (Gazi et al., 2011).
We have developed a CRISPR/Cas9 whole genome screening method that allows
us to quickly identify genes regulating endocytic mechanisms in primary macrophages.
With our whole genome screening approach, we were able to identify a number of
genes that dextran uptake in primary macrophages. We identified Mrc1 mediated
endocytosis as an efficient pathway used by macrophages to internalize low dextran
concentrations and macropinocytosis as an efficient internalization method for higher
dextran concentrations. Our data has identified a number of genes that effectively
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regulate macrophage endocytic efficiency by regulating not only mrc1 expression, but
also Mrc1 trafficking efficiency.
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Chapter 3
CRISPR/Cas9 Whole Genome Screen identifies genes regulating macropinocytosis in
primary murine macrophages

Abstract
Macropinocytosis is a non-selective endocytic process used by macrophages and
dendritic cells to maintain constant survellience of their environment. With large, actinbased membrane protrusions organized by phosphoinositide signaling, macrophages
engulf large volumes of extracellular solutes. However, the genes and pathways
promoting macropinocytosis are unclear and different cell types regulate
macropinocytosis differently. We used CRISPR/Cas9 whole-genome screens to quickly
identify genes regulating macropinocytosis in primary macrophages with and without
PMA or CSF1 stimulation to identify genes regulating and enhancing macropinosome
formation in primary macrophages. Gene ontological analysis identified endolysosomal
trafficking, mTor signaling, and GTPase activity as critical regulators of macropinocytosis.
These findings help identify genes and pathways regulating macropinocytosis in primary
macrophages. Using this information, we can begin to understand how macrophages
regulate macropinocytosis to promote tissue surveillance and promote cell growth.

Introduction
Macrophages are sentinel cells responsible for maintaining tissue homeostasis.
Pattern recognition receptors selectively bind pathogenic and endogenous molecules
(Brubaker et al., 2015) while macropinocytosis non-selectively internalize solutes in the
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extracellular milieu (West et al., 2004; Canton, 2018). Together, pattern recognition
receptors and macropinocytosis interpret the macrophage environment and stimulate
the appropriate response to environmental molecules. Macropinocytosis involves large,
actin-driven membrane protrusions organized by phosphoinositide signaling to engulf
large volumes of extracellular solutes. Macropinosomes detect tissue damage and
promote proper integrin and growth factor receptor trafficking required for survival and
chemotaxis toward damaged tissues (Freeman et al., 2019; Lou et al., 2014). Alveolar
macrophages patrol the lungs looking for dead cells and minor bacterial intections.
Without integrin trafficking and damage detection, minor bacterial infections lead to
massive inflammatory events and lung damage mediated by excessive neutrophil
recruitment (Neupane et al., 2020).
Macropinosomes form when membrane ruffles created through PI(4,5)P2
stimulated actin polymerization are organized into macropinocytic cups and close into
macropinosomes, a process mediated by the conversion of PI(4,5)P2 into both
PI(3,4,5)P3 and diacylglycerol (DAG) (Borm et al., 2005; Lim et al., 2015; Araki et al.,
1996; Welliver and Swanson, 2012). Molecules like CSF1, CXCL12, and LPS stimulate
macropinocytosis by enhancing PI(3,4,5)P3 production to stimulate membrane ruffling
and macropinosome formation (Pacitto et al., 2017; Racoosin and Swanson, 1989; Wong
et al., 2018). Following macropinosome closure, PI(3,4,5)P3 is sequentially
dephosphorylated into PI(3)P, the primary phosphoinositide found on endocytic vesicles
(Maekawa et al., 2014). How membrane ruffles are organized and formed into
macropinosomes is currently unknown and misunderstood.
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In this chapter, I will present the results of several CRISPR/Cas9 whole genome
screens used to identify genes that regulate lucifer yellow uptake in primary
macrophages. Lucifer yellow is a small molecule internalized using macropinocytosis
because it does not have any known receptor. This work identifies key regulators of
macropinocytosis and helps understand the signaling pathways and mechanisms that
drive macropinocytosis. Analysis of the screen data revealed mTor signaling, endosomal
transport, and GTPase activity as critical drivers of macropinocytosis in primary murine
macrophages.

Methods
Reagents
Dulbecco’s Modified Eagle Medium (DMEM) was from American Type Culture
Collection (ATCC; 30-2002; Manssas, VA). Heat-inactivated fetal bovine serum (FBS) was
from R&D Systems (Atlanta, Georgia). Penicillin/streptomycin was from Corning
(Manassas, VA). DPBS with or without calcium and magnesium was purchased from GE
Healthcare Life Sciences (Pittsburgh, PA). Mouse recombinant CSF1 is from BioLegend
(San Diego, California). Cyclosporine A, Puromycin, and Lucifer yellow are from Fischer
Scientific (Waltman, Massachusetts). Mouse Brie CRISPR knockout pooled library was a
gift from David Root and John Doench (Addgene #73633). LY294002 and Phorbol 12myristate 13-acetate (PMA) are from Cayman Chemical (Ann Arbor, Michigan).
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Bone marrow-derived macrophage isolation and culture
Bone marrow-derived macrophages (BMDMs) were differentiated from bone
marrow cells of 10-12 weeks old C57BL/6 (mice Stock No. 028239, Bar Harbor, ME)
expressing Cas9 as described with some modifications (Racoosin and Swanson, 1989;
Chiou et al., 2015) (Figure 1). Briefly, mice were euthanized with CO 2. We then
removed the femurs and cut off the tips to flush the bone marrow with PBS. Cells were
washed and cultured on non-tissue culture treated plates in 5% CO2 and 37°C in bone
marrow medium (BMM) consisting of DMEM, 20% heat-inactivated FBS, 30% L-cell
supernatant (Stanley and Heard, 1977) as a source of colony-stimulating factor-1 (CSF1),
10,000 IU penicillin, 10 mg/ml streptomycin, and 5.7 mM 2-mercaptoethanol. On day 4
post isolation, non-adherent cells were discarded, and the adherent cells were cultured
as macrophages. BMDMs were transduced on day 4 or 5 post isolation.
Lentiviral transduction with Brie pooled sgRNA library
Brie library amplification, lentiviral production, and titer calculations were
performed as described (Joung et al., 2017) with minor modifications. Briefly, the Brie
library plasmids were amplified in Stable 3 E. coli (New England Biolabs, Ipswich,
Massachusetts) and sequenced to assess sgRNA representation. To produce lentivirus,
NIH 293T cells seeded onto 10-cm plates in 10% FBS plus DMEM were transfected with
6 µg sgRNA lentiGuide-Puro plasmid, 6 µg psPax2 plasmid, 1 µg pVSVG plasmid (Stewart
et al., 2003), and 24 µg polyethyleneimine (PEI) for 24 hours and replaced with fresh
media. Lentiviral supernatant was harvested after 48 h and stored at -80°C. SgRNA
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sequences for sgRNAs used for targeted knockouts are in supplementary table 2.2. To
calculate the functional viral titer, macrophages were transduced with increasing
volumes of lentivirus in BMM plus 1 µM Cyclosporine A. After 48h, the transduction
solution was replaced with BMM plus 5 µg/ml puromycin for selection. After selection,
the surviving cells were counted to determine the percentage of transduced cells
relative to non-selected control wells. For each screen, we transduced approximately
50x106 cells to achieve at least 50% cell death. Cells were cultured for 8 days following
puromycin selection to allow for gene disruption and protein turnover (Figure 1). The
mouse Brie CRISPR knockout pooled library was a gift from David Root and John Doench
(Addgene #73633).

Figure 1. CRISPR/Cas9 screen workflows identifies genes regulating lucifer yellow
uptake in primary murine macrophages. BMDMs derived from Cas9-expressing C57BL/6
mice were transduced with the Brie sgRNA library and cultured for 10 days to facilitate gene
disruptions and protein turnover. Cells starved of CSF1 were then exposed to lucifer yellow
in the presence or absence of CSF1 or PMA for 30 minutes. Then, the upper and lower
quintiles of cells were sorted into low and high uptake groups based on lucifer yellow
uptake. The sgRNAs from each group were sequenced and mapped back to the sgRNA
library and statistical enrichment of sgRNAs was determined using the MAGeCK
bioinformatics tool. Figure prepared with BioRender.
Lucifer Yellow uptake assay
Cells starved overnight of CSF1 in CSF1 starvation medium (DMEM plus 10% FBS) were
exposed to 500 µg/ml lucifer yellow in DMEM plus 10% FBS for 30 minutes. For the
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unstimulated screens, cells were exposed to only lucifer yellow and DMEM plus 10% FBS
for 30 minutes. In the CSF1 and PMA stimulated lucifer yellow screens, cells were
exposed to 200 ng/ml CSF1 or 100 nM PMA for 30 minutes in 500 µg/ml lucifer yellow in
DMEM plus 10% FBS. After each incubation, cells were detached on ice in cold PBS.
They were pelleted and resuspended in PBS to wash membrane bound lucifer yellow
and then sorted with a BD FACs Jazz flow cytometer. The top and bottom quintiles
based on lucifer yellow fluorescence were sorted into high and low uptake groups,
respectively. Approximately 10% of cells were collected before sorting to assess sgRNA
distribution in the cell population (presort). After sorting, the cells were pelleted and
stored at -80°C before DNA purification (Figure 1).

PCR and next-generation sequencing of gRNA inserts

Genomic DNA (gDNA) was extracted from pellets with the GeneJET genomic DNA
extraction kit (Thermofisher, Waltham, Massachusetts) and the sgRNA library was
amplified for sequencing as described (Joung et al., 2017) (Figure 1). Briefly, gDNA was
amplified equally in each reaction with an equimolar mix of P5 staggered primers and a
unique P7 primer (Table S1) containing an index sequence for sample identification with
a Phusion polymerase kit Fishersci (Waltman, Massachusetts). After all of the gDNA was
amplified, the PCR product was pooled and the 357 bp product was gel purified with the
wizard gel and pcr clean up kit (Promega, Madison, Wisconsin) for sequencing with the
Illumina NextseqTM 500 system high-output kit with 75 bp read length. Sequencing
quality was assessed within the Illumina dashboard and read count summaries and

77

mapping data from MAGeCK can be found in the (Figure 1) (Supplemental Figure 3.23.3). Cut adapt, version 1.18 (Martin, 2011) was used to remove sequencer adapter
regions to produce FASTQ files containing the 20 bp sgRNA sequences.

MAGeCK Analysis

Model-based Analysis of Genome-wide CRISPR-Cas9 Knockouts (MAGeCK), version
0.5.9 (Li et al., 2014) identify enriched sgRNAs in the upper and lower fluorescent
quintiles (Figure 1). The “–count” function mapped sgRNAs sequences processed by
Cutadapt to the Brie library sequence file to generate read counts for each sgRNA. The
“-test” command was used to compare sgRNA read counts for each sgRNA in the low
and high fluorescent populations and rank each sgRNA’s performance to identify sgRNAs
and therefore predict genes regulating lucifer yellow uptake. The -control-sgRNA
command was used with the “-test” command to indicate 1000 control non-coding
sgRNAs were used as a control for read count normalization. The “–paired” command
was used to account for replicate screens. In the paired mageck test, 3 replicates were
combined and treated as a single screen. For example, in one screen, there are 4
sgRNAs for each gene, but with the paired MAGeCK test, if we use 3 replicates, there are
now 12 sgRNAs for each gene.

Gene onotology

Pathway analysis was performed using the gene ontology enrichment analysis and
visualization (GOrilla) tool(Eden et al., 2009). Briefly, genes with an FDR less than 0.2
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were used as a list of target genes and compared to a background set of genes. The
background gene set consisted of all genes targeted by the Brie library. We used the
Venn diagram software developed by VIB/Ugent (Ghent, Belgium)
(http://bioinformatics.psb.ugent.be/webtools/Venn/)
Results

CRISPR/Cas9 whole genome screens identify regulators of Lucifer yellow uptake.

We used CRISPR/Cas9 whole genome screens to identify genes regulating lucifer
yellow uptake in primary murine macrophages. Macropinocytosis and clathrinmediated endocytosis both internalize molecules from the extracellular environment.
CSF1 and PMA both stimulate large macropinosome formation to internalize
extracellular solutes from their environment (Swanson et al., 1985; Racoosin and
Swanson, 1989). To identify genes regulating unstimulated macropinocytosis, our first
screen measured unstimulated lucifer yellow uptake in primary macrophages. We
identified 426 genes regulating unstimulated lucifer yellow uptake with an FDR less than
0.1. Uvrag, Nrbp1, Wdfy3 are top positive regulators and Adrbk1, Trem2, and Nprl3 are
top negative regulators (Figure 2A,D, Table S5). To identify genes enhancing
macropinocytosis in response to CSF1 or PMA, we measured lucifer yellow uptake
following CSF1 or PMA stimulation. We identified 560 genes with an FDR less than 0.1
as regulators of CSF1 stimulated lucifer yellow uptake with Uvrag, Ptpn6, and Cct5 as
top positive regulators and Rhog, Cdc16, and Tyrobp as the top negative regulators of
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Wdfy3
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1.
2.
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Vps11
Splc2
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Alg11
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2.
3.
4.
5.
6.
7.
8.
9.
10.

Ap2s1
Vmn1r143
Alg2
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Figure 2. CRISPR/Cas9 whole genome screens identify genes regulated stimulated
and unstimulated lucifer yellow uptake. A-C) Volcano plots describing
Unstimulated(A), CSF1-stimulated (B), and PMA-stimulated (C) lucifer yellow uptake.
Each volcano plot describes the log fold change and log 10(FDR) for each gene with
hits with an FDR less than 0.1 in cyan. On the left side of each graph is a list of the
top 10 positive regulators by log fold change and on the right the top 10 negative
regulators. D). Venn diagram comparing lists of genes with an FDR less than 0.1
from each screen.
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CSF1 stimulated macropinocytosis (Figure 2B,D, Table S6). Next, we wanted to
identify genes downstream of growth factor signaling promoting membrane ruffling and
macropinosome formation by using PMA, a small phorbol ester analog of DAG, an
essential lipid signaling intermediate formed during macropinosome formation (Welliver
and Swanson, 2012; Yoshida et al., 2015; Swanson et al., 1985). We identified 78 genes
with an FDR less than 0.1 (Figure 2C,D, Table S7). Uvrag, Med25, Sptlc2 are top positive
regulators and Ap2s1, Vmn1r143, and Alg2 were identified as the top negative
regulators of PMA stimulated macropinocytosis in murine macrophages. We found 100
genes in common between unstimulated and CSF1 stimulated lucifer yellow uptake
(Figure 2D). Unstimulated and PMA stimulated lucifer yellow uptake had 6 genes in
common while CSF1 stimulated and PMA stimulated lucifer yellow uptake had 12 genes
in common. All together, 37 genes were identified as core regulators of
macropinocytosis.

Gene ontology analysis of unstimulated lucifer yellow uptake

To identify pathways regulating unstimulated lucifer yellow uptake, we used the
GOrilla gene ontology tool to identify enriched pathways and protein functions. Using
genes with an FDR less than 0.1, 420 GO processes and 114 GO function terms were
identified with an FDR less than 0.05 (Tables S8,S11). We observed myeloid cell
differentiation and pH regulation as highly enriched processes involved in regulating
unstimulated lucifer yellow uptake (Figure 3A,B). Tyrobp and Trem2 are top negative
regulators of macropinocytosis involved in cell differentiation. We also observed several
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components of the vacuolar ATPase proton pump (vATPase) as top positive regualtors of
lucifer yellow uptake. The vATPase regulates plasma membrane cholesterol levels and
influences Rac1 mediated membrane ruffling involved in macropinosome formation
(Ramirez et al., 2019) A functional enrichment analysis identified GTPase regulation as
important for unstimulated lucifer yellow uptake (Figure 3C). Ankfy1 is a Rab5 GTPase
effector protein identified as a top positive regulator of unstimulated lucifer yellow
uptake.
A

B

C

Figure 3. Gene ontology analysis identifies pathways regulating unstimulated
lucifer yellow uptake. A-B) Select results from gene ontology analysis performed
using GOrilla software identifies myeloid cell differentiation and vacuolar pH
regulation as enriched pathways regulating unstimulated lucifer yellow uptake. C)
Select results from gene ontology analysis identifies GTPase activity as a critical
function regulating unstimulated lucifer yellow uptake.
Gene ontology analysis of CSF1 stimulated lucifer yellow uptake

We used the GOrilla gene ontology tool to identify pathways and regulatory
mechanisms responsible for upregulating macropinocytosis in CSF1 stimulated
macrophages. GO analysis of genes with an FDR less than 0.1 identified 278 enriched
processes with an FDR less than 0.05 (Table S9). We observed many pathways related
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to mTor and autophagy as regulators of macropinocytosis (Figure 4A). Our GO analysis
identified 66 enriched functional terms with an FDR less than 0.05 (Table S12). GTPase
regulation is also an enriched functional term for CSF1 stimulated lucifer yellow uptake
(Figure 4B). Pak2 and Rhog are two top negative regulators related to GTPase activity.
A

B

Figure 4. Gene ontology analysis identifies pathways regulating CSF1
stimulated lucifer yellow uptake. A) Select results from gene ontology analysis
performed using GOrilla software identifies autophagy and mTor signaling as
enriched pathways regulating unstimulated lucifer yellow uptake. B) Select
results from gene ontology analysis identifies GTPase activity as a critical
function regulating CSF1 stimulated lucifer yellow uptake.
Gene ontology analysis of PMA stimulated lucifer yellow uptake

Analysis of the PMA stimulated lucifer yellow hits with an FDR less than 0.2
identified 35 enriched processes with an FDR less than 0.05. We noticed mTor and
autophagy regulation as a common process identified by the analysis (Figure 5A, Table
S10). Interestingly, mTor and autophagy are opposing processes. MTor activity
stimulates anabolic metabolism and suppresses autophagy while autophagy stimulates
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catbolic processes (Li et al., 2013; Sabatini, 2017; Perera and Zoncu, 2016) We also
identifed several processes related to macrophage and myeloid cell differentiation with
Tyrobp as a top negative regulator of PMA stimulated lucifer yellow uptake (Figure 5B).
Gene ontology analysis to identifiy enriched functions identified 13 functional terms
with an FDR less than 0.05 (Table S13). GTPase activity was identified as a critical
function for regulating PMA stimulated lucifer yellow uptake (Figure 5C). Profillin is a
top negative regulator of PMA stimulated lucifer yellow uptake that promotes actin
filament disassembly and prevents branched actin formation. Ankfyve is a Rab5 effector
predicted to be a strong negative regulator of lucifer yellow uptake, but Ankfyve
knockdown experiments have shown it is required for macropinosome formation in
fibroblasts rather than inhibiting macropinosome formation (Schnatwinkel et al., 2004).

Discussion

In this work we used a series of CRISPR/Cas9 whole genome screens to identify
genes regulating macropinocytosis in primary murine macrophages. Lucifer yellow is
internalized by macropinocytosis and its uptake may be enhanced by PMA or CSF1
stimulation. To identify genes and pathways regulating stimulated macropinocytosis,
we employed a gene ontology analysis. A brief analysis of the data identified mTor and
autophagy related pathways as regulators of macropinocytosis. GTPase activity is also
enriched in all three screens as a regulator of macropinocytosis.

GTPase regulatory functions were amoung the most commonly enriched
functional terms identifed by GOrilla for all three screens. In Dicyteostelium, the model
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A

B

C

Figure 5. Gene ontology analysis identifies pathways regulating PMA
stimulated lucifer yellow uptake. A-B) Select results from gene ontology
analysis performed using GOrilla software identifies mTor, autophagy, and
differentiation/activation state as enriched processes regulating unstimulated
lucifer yellow uptake. C) Select results from gene ontology analysis identifies
GTPase activity as a critical function regulating PMA stimulated lucifer yellow
uptake.
organism for macropinocytosis, Ras and Rac GTPase activity in macropinocytic cups
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work together to organize macropinocytic cups to regulate macropinosome formation
(Buckley et al., 2020). GTPase proteins are small g-proteins that cycle between active
GTP and inactive GDP bound states to promote functions in the cell (Croisé et al., 2014;
Olayioye et al., 2019; Spiering and Hodgson, 2011; Zhen and Stenmark, 2015; Agola et
al., 2011). GTPase activity is tightly regulated by chaperone proteins and hydrophobic
lipid modifications to regulate localization while guanine exchange factors (GEFs) and
GTPase activating proteins (GAPs) that regulate GTP or GDP bound conformations (Bos
et al., 2007). Geranylgeranyl, palmitoyl, and prenyl groups are lipophilic, hydrophobic
post-translational modifications added to promote membrane localization or induce
protein-protein hydrophobic interactions (Resh, 2013; Michaelson et al., 2005; Klooster
and Hordijk, 2007).

Our screens identified several proteins directly involved in regulating GTPase
activity. Rhog is a GTPase involved in cytoskeletal rearrangements predicted to be a
strong negative regulator of macropinocytosis. However, Rhog siliencing in fibroblasts
decreases macropinosome size and duration without affecting frequency, suggesting
Rhog disruptions should decrease fluid phase uptake(Valdivia et al., 2017). This data
was collected in fibroblasts, so the mechansisms of fibroblast macropinocytosis may not
be identical to macrophage macropinocytosis. Ankfy1 encodes the Rabankyrin-5
protein, a Rab5 effector recruited to macropinosomes, and helps promote vesicle fusion
(Schnatwinkel et al., 2004). To recruit GTPases and their effectors to specific locations,
they require post-translational modifications including eranylgeranyl, palmitoyl, and
prenyl groups. We identified gernanylgernaly, C-palmitoyl, and prenyl transferase
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proteins including Rabggta, Rabggtb, Sptssa, Sptlc1, and Sptlc2 as positive regulators of
macropinocytosis, but Pggt1b as a negative regulator of macropinocytosis. These
proteins are important for adding geranylgeranyl, C-palmitoyl, and preny modifications
to proteins to promote membrane localization and enzyme activity.

As we continue to discover new functions for macropinocytosis in different cell
types, we will need to uncover the pathways and mechansisms regulating
macropinosome formation. Understanding the proteins and mechansisms that dictate
macropinosome formation is the first step towards controling macropinocytosis.
Previous work has observed that without macropinocytosis, macrophages are unable to
detect and move towards tissue damage leading to intense inflammatory reactions
mediated by neutrophils instead of minor inflammatory reactions mediated by
macrophages (Freeman et al., 2019; Neupane et al., 2020). We may be able to use our
screen data to understand how we can promote or inhibit macropinocytosis in
situations like this. Would stimulating macropinocytosis help stimulate macrophage
chemotaxis or would inhibiting macropinocytosis inhibit chemotaxis? Using the data
from our screens, we may be able to identify genes regulating macropinocytosis to help
understand the mechansisms involved in regulating these processes.
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Chapter 4
Conclusions and Future Directions

Abstract
In this thesis I have described the results of a series of CRISPR/Cas9 whole genome
screens to identify genes regulating both unstimulated and stimulated endocytosis and
macropinocytosis in primary murine macrophages. We first revealed that macrophages
internalize dextran, a common endocytic tracer, using both Mrc1-mediated endocytosis and
macropinocytosis rather than macropinocytosis alone. To selectively target macropinocytosis,
we used lucifer yellow, a fluid-phase marker without any known receptors, to identify genes
regulating macropinocytosis in primary murine macrophages. Together, we can use this data to
understand genes regulating basal endocytic processes as well as genes that enhance endocytic
processes in primary macrophages. Our dextran screens revealed genes regulating Mrc1
expression and endocytosis in primary macrophages while our lucifer yellow screens revealed
mTor-related signaling pathways as critical for regulating macropinocytosis in primary
macrophages. Together, we can use the data from both screens to understand how
macrophages enhance their endocytic capacities to internalize extracellular molecules.

Macrophages maintain homeostasis in their environment by identifying and responding
to homeostatic disturbances identified by receptor-mediated endocytosis or macropinocytosis.
In Chapter 2, I presented the results of CRISPR/Cas9 whole genome screens to identify genes
regulating dextran uptake and identified a Mrc1-mediated endocytosis pathway that promotes
dextran uptake in murine macrophages. In Chapter 3, I presented the results of several
CRISPR/Cas9 whole genome screens to identify genes regulating unstimulated and CSF1 or PMA
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stimulated macropinocytosis. Using these screens, we uncovered numerous GTPases that
regulate endocytic trafficking and mTor signaling as essential pathways regulating
macropinocytosis in murine macrophages.

Using CRISPR/Cas9 whole genome screens, we identified many genes regulating Mrc1
expression and trafficking (Figure 1). Following clathrin mediated internalization, Mrc1 is
trafficked into early endosomes and can either be trafficked to the lysosome for destruction or
recycled back to the cell surface for more internalization. We found that our screens identified
many genes that either reduced the efficiency of vesicular trafficking or manipulated the levels
of Mrc1 at the surface of the cell.

Figure 1. Mrc1 regulatory mechanism identified using CRISPR/Cas9 whole genome screens. Mrc1 at the
surface of the cell is quickly internalize using clathrin mediated endocytosis. Following internalization, Mrc1
may be sorted into vesicles for delivery to the golgi for processing before return to the surface of the cell by
recycling endosomes. Mrc1 that is not recycled is trafficked to the lysosome for degradation. Genes identified
by our dextran screens regulating dextran uptake are labeled in the diagram next to the processes they
regulate.

Figure 1. Mrc1 regulatory mechanisms identified using CRISPR/Cas9 whole genome
screens. Mrc1 at the surface of the cell are quickly internalized from the surface.
Following internalization, Mrc1 may be sorted into vesicles for delivery to the Golgi
apparatus for processing before return to the surface of the cell by recycling
endosomes. Mrc1 that is not recycled is trafficked to lysosomes for degradation.
for this
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screen
data dextran
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GenesFuture
in reddirections
induce gain
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that
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primary
macrophages.
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for targeted delivery of therapeutics to Mrc1 expressing cells but has been identified as a
receptor that stimulates macrophage effector functions. Peptides that stimulate Mrc1 signaling
have been shown to convert anti-inflammatory macrophages to pro-inflammatory macrophages
within the tumor microenvironment to promote immuno-suppressive to non-suppressive
phenotype conversions that restrict tumor growth instead of enhance it (Jaynes et al., 2020;
Lepland et al., 2020; Aleman et al., 2019; Scodeller et al., 2017). Similarly, targeting the miRNAs
from the Mrc1 gene stimulate anti-tumoral macrophages and suppression of tumor growth
(Squadrito et al., 2012). Mrc1 from macrophages can also bind and suppress T-cell activation
(Schuette et al., 2016). Together, this indicates that Mrc1 signaling plays an important role in
regulating the immune system, especially in tumors. Therefore, I would like to use the dextran
uptake screen data to look for genes that regulate the macrophage activation state by
regulating Mrc1 expression. If Mrc1 expression is tied to Mrc1 activation state, we could
potentially target genes or pathways that stimulate Mrc1 expression as new ways to treat
cancers by depleting pro-tumoral M2 macrophages.

Dextran is a commonly used endocytic tracer used to study both macropinocytosis and
endocytosis. IL4 treatment has been reported to increase macropinocytosis in human derived
monocytes by measuring dextran uptake (Redka et al., 2018; Montaner et al., 1999), so we
wanted to determine if IL4 treated murine macrophages increase macropinocytosis or
upregulate Mrc1 to increase dextran uptake. We observed that IL4 macrophages enhance
dextran uptake by upregulating Mrc1 rather than by increasing macropinocytosis. LPS treated
macrophages have also shown decreased dextran uptake as measured by dextran uptake (Redka
et al., 2018), but studies counting macropinosomes using bright field microscopy show increased
macropinocytosis while other studies of TLR4 signaling describe increased antigen capture
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mediated by actin-dependent mechanisms (macropinocytosis) (West et al., 2004; Wong et al.,
2018).

Figure 2. Model of Macropinocytosis. Growth factor stimulation promotes actin
polymerization and large membrane ruffle formation. Membrane ruffles can be
organized into macropinocytic cups by phosphoinositol signaling to internalize
large volumes of extracellular materials. Internalized vesicles then mature like
normal endocytic vesicles as recycling returns excess membrane and proteins back
to the surface and the Golgi delivers lysosomal proteins to late endosomes to
promote protein degradation. Genes identified by our lucifer yellow uptake
screens are labeled in the diagram near the processes they regulate.

In Chapter 3, I presented data describing CRISPR/Cas9 whole genome screens to identify
genes regulating macropinocytosis. Macropinosomes form from actin-driven, phosphoinositol
organized membrane protrusions that engulf large volumes of extracellular solutes. Following
ruffle closure, vesicles are internalized and mature into lysosomes and its cargo degraded.

97
Macropinocytosis is an understudied field, but in recent years has started to gain more
attention. Macropinosomes form as specialized cargo processing structures in
macrophages(Lou et al., 2014a; Freeman et al., 2019). CSF1R and integrin trafficking both
depend on macropinosome formation for proper trafficking. CSF1R requires macropinosomes
to promote its destruction, but integrin is not recycled if macropinosomes do not mature
properly (Lou et al., 2014b; Freeman et al., 2019). Without macropinosomes to mediate integrin
recycling, macrophages identify and move towards tissue damage. Highly motile alveolar
macrophages require integrin trafficking to promote active chemotaxis to clear the lungs of
debris and fight off minor bacterial infections to prevent overreactions from neutrophils
(Neupane et al., 2020). In T-cells, macropinosome formation stimulates mTor activation and
drives T-cell growth following activation (Charpentier et al., 2020)

Using our screens, we have developed a roadmap to begin to understand the genes
regulating macropinosome formation in primary murine macrophages. Using our data, we can
begin to understand how macropinosomes signal back to the surface of the cell to promote
membrane ruffling and macropinosome formation at the surface of the cell. However, we did
not identify very many actin regulating proteins as we expected. This may have occurred if
there is significant redundancy in the actin regulating proteins required for macropinosome
formation. In the future, I would use CRISPR/Cas9 whole genome screening approaches where
we target multiple genes at a time. Using combinatorial CRISPR screens targeting combinations
of genes, we may help bypass issues created by redundancy and detect genes involved in
regulating actin polymerization(Zhou et al., 2020; Zhao et al., 2018).
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Conclusion
Together, the work in this thesis lays the groundwork to identify genes regulating cellular
endocytic mechanisms in primary murine macrophages. We have identified Mrc1-mediated
endocytosis as an essential pathway for dextran internalization. We also used CRISPR/Cas9
whole genome screens to identify genes regulating macropinocytosis in primary murine
macrophages and found macropinocytosis is regulated by intracellular mTor signaling and
endosomal transport.
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Supplemental Data

Name

sequence

P5_s0

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGTGGAAAGGACGAAACACCG

P5_s2

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTTGTGGAAAGGACGAAACACCG

P5_s4

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACTCTTGTGGAAAGGACGAAACACCG

P5_s6

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTGACTCTTGTGGAAAGGACGAAACACCG

P5_s8

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGATGACTCTTGTGGAAAGGACGAAACACCG

P5_s9

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATGACTCTTGTGGAAAGGACGAAACACCG

P5_s10

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACGATGACTCTTGTGGAAAGGACGAAACACCG

P7_A701

CAAGCAGAAGACGGCATACGAGATGTCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A702

CAAGCAGAAGACGGCATACGAGATACCACTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A703

CAAGCAGAAGACGGCATACGAGATTGGATCTGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A704

CAAGCAGAAGACGGCATACGAGATCCGTTTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A705

CAAGCAGAAGACGGCATACGAGATTGCTGGGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A706

CAAGCAGAAGACGGCATACGAGATGAGGGGTTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A707

CAAGCAGAAGACGGCATACGAGATAGGTTGGGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A708

CAAGCAGAAGACGGCATACGAGATGTGTGGTGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A09

CAAGCAGAAGACGGCATACGAGATCGGTGACCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

P7_A10

CAAGCAGAAGACGGCATACGAGATTACAGAGGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTG

Table S1. Primers sequences used to amplify sgRNA from genomic DNA for each screen.
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Gene

Sequence (5’-3’)

scramble

AAAAAGTCCGCGATTACGTC

Mrc1

AGCCATGCTGTAGTACCGGA

Vps33a

ACACAACGCTAAGACAGTCG

Ptpn6

TTGATATGAGTGACCCTGAG

Syk

ATTGCACTACCGCATTGACA

Rhog

CACCGTGAACCTAAACCTGT

Table S2. Targeting sequences of sgRNAs used for targeted gene disruption
experiments.
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Figure S2.1. Quality control data describing MAGeCK read mapping for CSF1
stimulated dextran uptake screen. A) This bar graph shows the number of mapped reads
for
C each sample. B)This bar graph describes what percent of reads were mapped within
each sample. C) This bar graph describes the Gini Index for each sample. The Gini index is
a measure of inequality. 1.0 indicates 1 sgRNA has all of the reads while 0.0 would
indicate the reads are equally distributed amongst all sgRNAs.
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Figure S2.2. Quality control data describing MAGeCK read mapping for unstimulated dextran
uptake screen. A) This bar graph shows the number of mapped reads for each sample. B) This bar
graph describes what percent of reads were mapped within each sample. C) This bar graph describes
the Gini Index for each sample. The Gini index is a measure of inequality. 1.0 indicates 1 sgRNA has all
of the reads while 0.0 would indicate the reads are equally distributed amongst all sgRNAs.
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Figure S3.1. Quality control data describing MAGeCK read mapping for first replicate
of lucifer yellow uptake screens A) This bar graph shows the number of mapped reads for
each sample. B) This bar graph describes what percent of reads were mapped within each
sample. C) This bar graph describes the Gini Index for each sample. The Gini index is a
measure of inequality. 1.0 indicates 1 sgRNA has all of the reads while 0.0 would indicate
the reads are equally distributed amongst all sgRNAs.
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Figure S3.2. Quality control data describing MAGeCK read mapping for second replicate
of lucifer yellow uptake screens A) This bar graph shows the number of mapped reads for
each sample. B) This bar graph describes what percent of reads were mapped within each
sample. C) This bar graph describes the Gini Index for each sample. The Gini index is a
measure of inequality. 1.0 indicates 1 sgRNA has all of the reads while 0.0 would indicate the
reads are equally distributed amongst all sgRNAs.
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Figure S3.3. Quality control data describing MAGeCK read mapping for third replicate of
lucifer yellow uptake screens A) This bar graph shows the number of mapped reads for each
sample. B) This bar graph describes what percent of reads were mapped within each sample.
C) This bar graph describes the Gini Index for each sample. The Gini index is a measure of
inequality. 1.0 indicates 1 sgRNA has all of the reads while 0.0 would indicate the reads are
equally distributed amongst all sgRNAs.
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Summary of Supplemental Tables

MAGeCK tests
Column
Id
Num
score
p-value
fdr
rank
goodsgrna
Lfc

Contents
Gene ID
The number of targeting sgRNAs for each gene
The RRA lo value of this gene in negative selection
The raw p-value (using permutation) of this gene in negative selection
The false discovery rate of this gene in negative selection
The ranking of this gene in negative selection
The number of “good” sgRNAs, ie., sgRNAs whose ranking is below the
alpha cutoff of 0.05
The log2 fold change of this gene in negative selection.

This table describes the columns of the supplementary files used to describe the
MAGeCK tests for each screen. Each file will have neg and pos columns. The “neg”
columns describe genes that internalized less dextran or lucifer yellow while “pos”
columns internalize more dextran.

Supplemental Table S3

This file describes the MAGeCK test results describing the

unstimulated dextran uptake screen.
Supplemental Table S4 This file describes the MAGeCK test results describing the CSF1
stimulated dextran uptake screen.
Supplemental Table S5 This file describes the MAGeCK test results describing the
unstimulated lucifer yellow uptake screen.
Supplemental Table S6 This file describes the MAGeCK test results describing the CSF1
stimulated lucifer yellow uptake screen.
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Supplemental Table S7 This file describes the MAGeCK test results describing the PMA
stimulated lucifer yellow uptake screen.

Gene Ontology
Supplemental Table S8

This file describes the GOrilla gene ontology analysis

describing enriched processes in genes from the unstimulated lucifer yellow uptake
screen with an FDR less than 0.1.
Supplemental Table S9

This file describes the GOrilla gene ontology analysis

describing enriched processes in genes from the CSF1 stimulated lucifer yellow uptake
screen with an FDR less than 0.1.
Supplemental Table S10

This file describes the GOrilla gene ontology analysis

describing enriched processes in genes from the PMA stimulated lucifer yellow uptake
screen with an FDR less than 0.1.
Supplemental Table S11

This file describes the GOrilla gene ontology analysis

describing enriched functions in genes from the unstimulated lucifer yellow uptake
screen with an FDR less than 0.1.
Supplemental Table S12

This file describes the GOrilla gene ontology analysis

describing enriched functions in genes from the CSF1 stimulated lucifer yellow uptake
screen with an FDR less than 0.1.
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Supplemental Table S13

This file describes the GOrilla gene ontology analysis

describing enriched functions in genes from the PMA stimulated lucifer yellow uptake
screen with an FDR less than 0.1.

